resolution can be pushed to its information limit of 1 A by computer reconstruction of a focal series of images. HRTEM has been used to image the atomic structure of defects such as dislocations, grain boundaries, and interfaces in a variety of materials from superconductors and ferroelectrics to structural ceramics and intermetallics.
Background and Research Objectives
Direct imaging of atomic structures is already possible at near 1 A spatial resolution by transmission electron microscopy (TEM); chemical analysis is also approaching atomic spatial resolution, so that labeling individual atoms is becoming a reality. Electron microscopy (EM) is a vital characterization tool for relating structure to the other three corners of the materials science and engineering tetrahedron: processing, properties, and performance. This has become increasingly true with the shrinking scale and increasing complexity of structural and electronic components. Therefore, the Electron Microscopy Facility (EMF) is a key part of the Laboratory's efforts in the broad area of materials science research. The EMF was significantly expanded in 1988 with the installation of two state-of-the-art transmission electron microscopes, a Philips CM30 analytical electron microscope (AEM), and a Philips CM30st high-resolution transmission electron microscope (HRTEM) to go with the existing Camscan scanning electron microscope (SEM).
Kevex energy dispersive X-ray spectroscopy (EDS) for the AEM and SEM; a Gatan parallel electron energy loss spectrometer (PEELS), also for the AEM; a Dingley camera for orientation determination in texture analysis for the SEM; and various image processing, enhancement, and computing features for the HRTEM. This was the situation at the beginning of the three-year, Laboratory Directed
Over the years, analytical capabilities were added in the form of 
STEM), and
a JEOL JSM6300FXV field-emission scanning electing microscope (E-SEM). All three instruments are operational and performing in a spectacular fashion.
There is nothing particularly new about the FE source itself. It has stringent vacuum requirements that have tended to make it incompatible with regular EM. VG built their FEG-STEM many years ago, starting with a UHV system; the STEM performed brilliantly but was not very user-unfriendly. However, they have finally developed a new unit, the HB-601, which is reasonably friendly and, more importantly, is capable of both high-resolution imaging (by 2 contrast imaging) and fine probe chemical analysis by using installed EDS and PEELS systems. The FE-SEM is fairly straightforward because of the modest voltages (30 kV) needed for an SEM; vacuum problems have been solved by having small apertures between the specimen chamber and the FE source. Resolution is approximately 15 A at 30 kV and approximately 50 A at 1 kV (a tremendous advantage for imaging nonconducting ceramics and polymers without the need for coating). A PGT EDS system has been added for chemical analysis.
The FE-HRTEM has been the most difficult to develop because of the higher voltages involved (300 kV). The impetus to finding a solution was provided by the Brite
Euram project in the late eighties, whereby Philips cooperated with several European universities (Delft, Tubingen, and Antwerp), with later involvement from AT&T Bell Labs. The critical components of the project are the FE source itself, the special stable specimen stage, the ultra-high-resolution objective pole-piece, and the image retrieval system. JEOL (FE-HRTEM) ,
and Hitachi developed their own instruments, and after a competitive bidding process we opted for the JEOL design. This turned out to be a felicitous decision because Philips delivered the Antwerp machine two years later and are still having problems with the highresolution objective lens. The upshot is that 1 8, microscopy is at hand and that Los Alamos has jumped to the forefront of this exciting new development. The FE source is a key component in all these new instruments. The importance of field emission is that it provides a much brighter source, a smaller virtual source, a smaller intense probe, and a coherent beam of electrons for holography and high-resolution applications. These instruments have provided a quantum jump in our capabilities for atomic-level structural and chemical analysis of features such as grain boundaries, interfaces, and dislocations in advanced materials. It is our intention to develop these facilities to their fullest extent for the characterization of defects in materials such as ceramics, intermetallics, composites, superconductors, and electronic materials.
Importance to LANL's Science and Technology Base and National R&D Needs
The new instruments for the EMF have enormous potential for impact on various existing and future materials science activities at Los Alamos. The facility is the equal of or better than any other in the world, including at any other national laboratory. We will be able to image w i t h 1 8, structural resolution and perform chemical analysis and imaging at the 5-10 level. The objective of this research is to establish a world-class EMF. This is not simply a matter of making the new instruments available and training new operators. It is also necessary to develop new techniques and to optimize procedures that are at the cutting edge of EM instrumentation. For the FE-HRTEM, we propose to develop imageprocessing and image-computation systems to realize the true atomic-scale capabilities of the microscope. For the FE-STEM, we plan to utilize very high vacuum capabilities to optimize the analytical capabilities at the 5-10 8, level, as well as to optimize the so-called Z contrast method to image atomic planes in materials such as superconductors. For the FE-SEM, surface imaging at the 10 8, level will be taken advantage of, as well as its superior X-ray analytical capabilities. Applications will cover the full range of materials problems associated with the Los Alamos Center for Materials Science (CMS) competency development in advanced materials and processing. As such, the facility is of enormous importance to the Laboratory's science and technology base and national R&D needs in the full range of materials science research, both in the defense and energy research arenas.
Scientific Approach and Accomplishments
The FE-SEM, FE-STEM, and FE-HRTEM are all fully operational in the MSL. The existing HRTEM has been traded in for a new orientation imaging microscope, which is basically an SEM with a Dingley camera such that grains in textured materials can be automatically oriented and displayed in color according to closely matched orientations. The AEM has been moved to the EMF in the MSL. We have installed new or upgraded EDS systems for the various SEMs and E M S ; these are being networked via Ethernet. Networking in a practical way has been talked about for years but only now has become the norm. The EDS systems are all now based on workstations or PCs or MACs; therefore, networking the EDS systems, the central computer system, and individual computer systems has become a reality. In fact, for the JEOL JSM-6300FXV, which has digitized image storage and processing, printing is achieved on a dye-sublimation printer and fdm has been totally eliminated. Networking has become routine for down-and up-loading images, as has remote operation. This also has now been achieved with the JEOL JEM-3000F FE-HRTEM, which has a Gatan multi-scan ccd camera and associated image processing software on a Macintosh. Auto-tuning software has also been installed such that the computer on the microscope can be accessed and automatic stigmation and voltage centering can be achieved with a suitable amorphous image (via fast Fourier transform operations).
We have completely upgraded the old PEELS to Digi-PEELS and have transferred it over to the FE-HRTEM to take advantage of its superior fine-probe capability and its superior energy spread. A separate PEELS has been installed on the FEG-STEM, where there are no contamination problems in the high vacuum and the energy stability is potentially even better (the zero loss peak is presently wider than it should be because of a small voltage fluctuation problem that has to be cured). It is important to appreciate that the generally accepted resolution in a HRTEM is determined by the spherical aberration coefficient, Cs, of the objective lens; the best Cs available for a 300 kV microscope is -0.7 mm, giving a resolution of -1.7 A. However, for a FE source, the beam is highly coherent and there is information in the diffracted beams out to approximately 1 A. The phase of this information (contrast transfer function, or CTF) is oscillating rapidly in this region, making interpretation difficult; however, computing techniques are being developed to extract meaningful information out to the 1 level. One method is to take a focal series around the so-called Lichte focus, where the CTF is oscillating at a minimal rate; computer programs have been developed by the Antwerp group (Van Dyck, et al.) to take a focal series of 20 digitized micrographs and extract a map of the projected potential, which represents the atomic positions. There is also a joint project between Michael O'Keefe at Lawrence Berkeley National Laboratory and Ondri Krivanek at Gatan to design an improved program along the same lines. The interest will be to use this for atomic distributions around dislocations, interfaces, and other defects.
The techniques developed for high-resolution structural and chemical imaging have been applied to a variety of problems in the areas of advanced materials and processing. The applications have involved dislocations, grain boundaries, interfaces, and other defects in ceramics, intermetallics, composites, multilayers, superconductors, and electronic materials. We have found it valuable to maintain close interaction with the materials modeling community. This has been particularly true for the assessment of atomic arrangements around defects in which the observations have been compared with calculations and used to feed back information for improved interatomic potentials, Examples of applications are found in the publications list given below. 
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